Analysis of recent conceptual designs reveals that commercial fusion power systems will raise issues of occupational and public health and safety. This paper focuses on radioactive wastes from fusion reactor materials activated by neutrons. The analysis shows that different selections of materials and neutronic designs can make differences in orders-ofmagnitude of the kinds and amounts of radioactivity to be expected. By careful and early evaluation of the impacts of the selections on waste management, designers can produce fusion power systems with radiation from waste well below today's limits for occupational and public health and safety.
Introduction
As fusion research moves closer to engineering development and as conceptual designs for commercial fusion power reactors emerge, it becomes increasingly clear that fusion power systems could generate large quantities of radioactive materials.1-This radioactivity is the normal result of the absorption of the neutrons given off in the D-D and D-T fusion reactions and the consequent transmutation (activation) of the elements in the structural materials of the reactor. The design and the selection of materials for a fusion reactor will strongly affect the radioactivity produced. This, in turn, will impact public and occupational health and safety for reactor operation and maintenance, for accidents, for waste disposal, and for the decommissioning of reactors. The consequences of design and materials selections on potential radioactive waste problems should, therefore, be carefully considered from the beginning.
A number of authors have proposed ways to mitigate the activation, both for safe reactor operation and for minimizing the potential impact of fusion radioactivity on the health and safety of the public and the environment.7-16'31 These studies treat the relative hazards of different radioactive materials in terms of their maximum permissible concentrations (MPC) from the NRC regulations 10CFR20. However, the regulations are concerned only with maximum permissible exposures of workers and the general public to radioactivity and they do not give reactor designers any quantitative criteria or guidelines that can be directly and simply related to specific choices of design and materials. The development by the NRC of the proposed rule 10CFR61 for land disposal of radioactive wastes24'25 provides a new basis for a methodology to assign quantitative ratings with respect to wastes for the designs and the materials in fusion reactors. This paper illustrates the use of such a methodology for two specific conceptual designs of a commercial fusion power reactor, the Mirror Advanced Reactor Study (MARS). This study is being conducted by the Lawrence Livermore National Laboratory, the University of Wisconsin, and TRW, Inc.
for the national Fusion Energy Program of the U. S.
Department of Energy.

Waste Rating Methodology
We assume that fusion wastes will be disposed of under institutional conditions much the same as fission wastes. That is, the disposal will be regulated through a public participation process in which nontechnical occupational and public health and safety issues (such as "how safe is safe?) can be coupled to the technical aspects of waste problems. We also assume that radioactivity will be treated the same regardless of its origin. Currently, there are no regulations written specifically for the handling of fusion waste. However, there are a number of similarities between fission and fusion wastes. The activation of steel and other structural materials used in fuel assemblies and containment vessels for fission reactors produces radioactive wastes very similar to those anticipated from fusion reactors. These similarities have been used to form analogies between fission and fusion wastes. These analogies enable one to use the large amount of available information on fission wastes to estimate the requirements expected to be encountered with fusion wastes.
Specifically, the NRC regulation, IOCFR60, "Disposal of High Level Radioactive Wastes in Geologic Repositories," and the proposed regulation 10CFR61, "Licensing Requirements for Land Disposal of Radioactive Waste " along with background information on them, provide the basis for inferring acceptable practices for fusion waste disposal.
A key concept in 10CFR61 that furnishes the connection between waste disposal requirements and fusion reactor design is that of setting concentration limits on radioactive isotopes for various classes of waste. This concept provides quantitative criteria for disposal based upon isotopic composition and isotopic activities of materials. These criteria can be translated into design guides for selection of compositions of structural materials and for neutronic configurations. Even though 10CFR61 is specific to fission wastes and explicitly covers only a few of the long-lived isotopes of interest to fusion, these few are the important ones. Limiting concentrations for the elements not listed in IOCFR61 were estimated for this report by semiquantitative analogies based on similarities to listed isotopes with respect to halflives, radiation types and biological hazards. Table 1 shows the list of concentration limits for Class-C waste from the proposed IOCFR61 and the limits suggested here for fusion wastes.
As stipulated in 10CFR61, the concentration limit of an isotope in Table 1 applies when that isotope is the only radioactive one occurring in the waste. When the waste contains a mixture of radioactive isotopes, the sum of the ratios of isotope concentrations in the waste to the concentrations given in Table 1 shall not exceed 1. This condition on isotope concentrations is used here to define a quantity called the Waste Disposal Rating (WDR) for a waste containing one or more radioactive isotopes:
where A(i) is the specific activity of isotope i and L(i) is the limit from Table 1 for isotope i (units are Ci/m3). For an alloy or mixture to be eligible for near-surface disposal, the condition WDR < I is required. Thus, WDR can be used as a "figure-ofmerit" for wastes with respect to near-surface disposal. A waste material with WDR > 1 cannot be disposed of by near-surface burial. However, it may be possible to dilute the waste to reduce the specific 0018-9499/83/0200-0571$01.00 © 1983 IEEE Fig. 1 .
The neutron fluxes listed in Table 2 represent the fluxes expected to be seen in a small test volume at a radial point in the component. As such, they can be used to calculate specific activities in the test volume at that point.
The calculations of activities for different structural steels were done using neutron cross sections averaged over energy for the neutron fluxes supplied by U. Wisconsin and TRW. It is assumed that the neutron fluxes are not appreciably changed by substituting different steels. For convenience and for accommodating the relative hardness of the neutron spectra, a two-group energy structure was assumed with the energy group boundary put at one MeV.
Neutron induced reactions considered in this report are shown in Table 3 . In fusion reactors, multiple activation/decay reaction chains will be significant. For instance, there can be an n,p reaction followed by an n,gamma. At the same time, the radioactive products will decay to their daughters which in turn will undergo subsequent neutron induced reactions. Calculations of product radioactivities from these and other kinds of chains were Tables 6 through 9 show the calculated specific waste disposal ratings for the steels in Table 5 .
Of the steels examined, only Tenelon, NM-1, JUS289-N, and JUS289-V, can be used in the first walls and shields of WITAMIR (U. WISC.) or MARS (TRW) and have the resultant induced radioactivity low enough that the waste stream can be disposed of directly by near-surface burial. The 2.25 chrome/l moly steel can be disposed of directly when used in the shields but not in the first walls. The major alloying elements causing difficulty in the various steels are nickel, molybdenum, and niobium.
If one decides that it is desirable to dispose of the radioactive waste products from a fusion reactor by burial in a near-surface radioactive waste disposal facility, then assuming little or no dilution, it may be necessary to make modifications to the composition of the steels to meet the requirements for a Class-C waste. There are at least two approaches to this.12,29 In the first, one can eliminate the particular element causing the problem in disposal by substitution of another non-problem element that will not change the properties of the steel significantly. For example, it may be possible to substitute vanadium for molybdenum in some steels. In the second approach, one can attempt to eliminate only the particular isotopes giving rise to daughters causing the waste to exceed the guidelines; presumably, this method will have no effect on the properties of the steel since the elemental composition is not changed.
If the isotopic modification route is taken,29 only the specific isotopes which give rise to problem daughters must be reduced to levels which will allow treatment of the alloy as Class-C waste after irradiation. For example, when using HT-9 in the MARS first wall, depleting the Ni-62 and Ni-64 by 60%, reduces the Ni-63 to an acceptable level. In the same way, 90% depletion of Mo-92 and Mo-94 and 25% depletion of Mo-98 and Mo-100 drop the Mo daughters to acceptable levels.
Conclusions
Fusion reactors have no radioactive waste products inherent in the fusion reactions. However, the fusion D-D and D-T reactions do produce both high energy and low energy neutrons. These neutrons in turn then produce transmutations in structural and other components of the fusion reactor causing induced radioactivity. With proper design and suitable selection of structural materials,30 one could build a fusion power reactor that produces wastes suitable for near-surface burial. While the costs of processing these wastes would be low, perhaps more importantly, it may be possible for one to co-locate the fusion reactor and the low-level waste disposal site. This 'I0
1.0 There are three alternatives for selecting structural materials for fusion reactors that produce radioactive wastes that can be disposed of solely by near-surface burial. Two of these alternatives are elemental tailoring (eliminating offending elements in the steels) and isotopic tailoring (reducing the relative amounts of specific natural isotopes causing unacceptable activities for near-surface burial). The third alternative would be the use of nonferrous alloys with short-lived activation products which are acceptable for near-surface burial.5'6'14 This last alternative has not been considered here; however, the methods of analysis could be extended to nonferrous materials without modification to determine their waste disposal ratings.
